Bioremediation may affect the ecological system around bioremediation sites. However, little is 31 known about how microbial community structures change over time after the initial injection of 32 degraders. In this study, we have assessed the ecological impact of bioaugmentation using 33 metagenomic and metatranscriptomic approaches to remove trichlorinated 34 ethylene/cis-dichloroethylene (TCE/cDCE) by Rhodococcus jostii strain RHA1 as an aerobic 35 chemical compound degrader. Metagenomic analysis showed that the number of organisms 36 belonging to the genus Rhodococcus, including strain RHA1, increased from 0.1% to 76.6% of 37 the total microbial community on day 0 at the injection site. Subsequently, the populations of 38 strain RHA1 and other TCE/cDCE-degrading bacteria gradually decreased over time, whereas 39 the populations of the anaerobic dechlorinators Geobacter and Dehalococcoides increased at 40 later stages. Metatranscriptomic analysis revealed a high expression of aromatic 41 compound-degrading genes (bphA1-A4) in strain RHA1 after RHA1 injection. From these 42 results, we concluded that the key dechlorinators of TCE/cDCE were mainly aerobic bacteria, 43 such as RHA1, until day 1, after which the key dechlorinators changed to anaerobic bacteria, 44 such as Geobacter and Dehalococcocides, after day 6 at the injection well. Based on the 45 α-diversity, the richness levels of the microbial community were increased after injection of 46 strain RHA1, and the microbial community composition had not been restored to that of the 47 original composition during the 19 days after treatment. These results provide insights into the 48 assessment of the ecological impact and bioaugmentation process of RHA1 at bioremediation 49 sites. 50 51
INTRODUCTION 54
Chlorinated solvents, such as trichloroethylene (TCE) and tetrachloroethylene (PCE), 55 are widely used in industrial processes and the agricultural industry. These compounds have 56 been used in vapor-degreasing, paint removers, metal cleaning, and dry-cleaning/wool facilities 57 (Suttinun et al., 2013) . However, chlorinated solvents, including cis-dichloroethylene (cDCE) 58 and vinyl chloride (VC), which are produced as intermediates of TCE degradation in the 59 environment, have caused serious environmental problems. Chlorinated solvents tend to 60 accumulate and diffuse at the bottom of aquifers originating from dense nonaqueous-phase 61 liquids (DNAPLs), and can provide a persistent source of contamination for decades. Moreover, 62 However, these approaches are inadequate for the removal of chlorinated solvents, which tend 68 to spread in the environment at low concentrations. Microbes can be used effectively to treat 69 can be mediated by anaerobic microorganisms such as Dehalobacter, Dehalococcoides,(5′-FAM-AAAACCTgTCgCgCTgAACCCACC-TAMRA-3′). Each 20-µL reaction mixture 150 contained 6 µL sterilized deionized water, 10 µL THUNDERBIRD Prove qPCR Mix 151 (TOYOBO, Osaka, Japan), 1 µL 052-Fw primer (4 µM), 1 µL 143-Rv primers (4 µM), 1 µL 152 probe (4 µM), and 1 µL extracted DNA. PCR was conducted by incubating the samples at 95°C 153 for 60 s, followed by 50 cycles of 95°C for 15 s and 52°C for 60 s. 154 DNA, RNA, and cDNA preparation 155 Pellets (0.5 g) were suspended in 200 µL of sterilized water, and the mixture was then 156 transferred to Lysing Matrix E (MP-Biomedicals, Santa Ana, CA, USA). DNA was extracted 157 using a Fast DNA Spin Kit for soil (MP-Biomedicals) according to the manufacturer's 158 instructions. DNA was quantified using a Qubit dsDNA HS assay kit (Invitrogen, Grand Island, 159 NY, USA) on a Qubit 2.0 Fluorometer (Invitrogen). RNA was extracted using a Fast RNA Spin 160
Kit for soil (MP-Biomedicals) according to the manufacturer's instructions, and RNA was then 161 purified using an RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's 162 instructions. For removal of DNA, RNA samples were treated using DNase (Takara Bio, Shiga, 163 Japan) and extracted by ethanol precipitation. RNA was quantified using a Qubit dsRNA HS 164 assay kit (Invitrogen) and Agilent RNA 6000 Pico (Agilent, Palo Alto, CA, USA). RNA was 165 purified using Ribozero (Illumina, Inc., San Diego, CA, USA) and was quantified using an 166 Agilent RNA 6000 Pico (Agilent). 167
Metagenome sequencing and analysis 168
For metagenome sequencing, the libraries were constructed using a TruSeq DNA Sample Prep 169 Kit v2 (Illumina, Inc.). These libraries, prepared with a fragment length of about 325 bp, were 170 sequenced with a HiSeq 1000 sequencer using TruSeq SBS Kit v3-HS (Illumina, Inc.). DNA 171 sequences were annotated with MetaGenomics Rapid Annotation using Subsystem Technologyof 60%, and maximum E-value cut off of 1.0 × 10 −5 (Meyer et al., 2008). Three million 174 sequence reads were used for the analysis of each sample. Taxonomic analysis was conducted 175 with a normalized abundance of sequences matched to the M5NR database. Functional analysis 176 was determined at levels 1, 2, and 3 by matching normalized sequence abundance to a given 177 subsystem. Principal coordinates analysis (PCoA) and alpha-diversity were analyzed by 178
MG-RAST. 179
Transcriptome sequencing and analysis 180 To evaluate the effects of RHA1 injection, the E1 and E4 wells were monitored between days 203 -30 and 54 (Table 1 ). The pH value was 6.2 at day -30 in the E1 well and ranged from 6.8 to 7.2 204 after RHA1 injection. The oxidation-reduction potential (ORP) was 98 mV at day -30 and 205 increased to 181 mV at day 0, then decreased to -158 mV at day 54. The electrical conductivity 206 (EC) value was 99 mV at day -30 and then decreased to 25 mV at day 0 and increased to 80 mV 207 at day 54. The dissolved oxygen (DO) value was 0.0 mg/L at day -30 and increased to 5.8 mg/L 208 at day 0. The DO value in E1 well decreased significantly to 0.3 mg/mL at day 1 and then to 209 below the detection limit between days 6 and 54. The dissolved organic carbon (DOC) value 210 was 5.7 mg/mL at day -30 and increased to 6.1 mg/mL at day 54. The concentration of total iron 211 was 10.4 mg/L at day -30 and then decreased to 0.2 and 0.5 mg/L at days 0 and 1, respectively. 212
Moreover, the concentrations of total iron were increased to 11.0, 15.5, and 18.9 mg/L at days 6, 213
19, and 54, respectively. At day 54, the concentrations of o-phosphoric acid and ammonia 214 nitrogen were higher than before treatment. 215
The time course of chlorinated ethylenes levels in the E1 well is shown in Fig.  216 1A-C. In the E1 well, the levels of TCE and cDCE decreased to 69.2% and 71.4% at day 54. 217
Subsequently, the concentration of VC was significantly increased from 2.0 × 10 -3 mg/L at day 218 6 to 2.7 × 10 -2 mg/L at day 54. 219
In the E4 well, the pH values were 6.3, 6.7, 6.6, 6.4, 6.4, and 6.4 at days -30, 0, 1, 6,19, and 54, respectively (Table 1) After injection of RHA1 culture, the total number of 16S rRNA genes was 1.5 × 10 7 232 copies/mL at day 0 in the E1 well ( Fig. 2A) . The total number of 16S rRNA genes then 233 gradually decreased to 7.6 × 10 6 copies/mL at day 54. The time course of changes in the RHA1 234 population in the E1 well is shown in Fig. 2B . The RHA1 population increased from 0.0 235
Bacterial community analysis by whole-genome shotgun sequencing 245
In the E1 well, metagenomic analysis revealed that the phylum Proteobacteria was dominant 246 before injection of RHA1 cells (at day -30; 85.8%), and the class Betaproteobacteria (73.9%) 247 accounted for over half of the phylum Proteobacteria. At the genus level, Acidovorax (14.5%), 248 Polaromonas (9.6%), and Albidiferax (9.2%; Fig. 3A and B, Tables S1, S2A, and S2B) were 249 present. After RHA1 injection, the phylum Actinobacteria was dominant throughout the 250 monitoring period (84.1% at day 0, 72.5% at day 1, 71.3% at day 6, and 40.3% at day 19). At 251 the genus level, Rhodococcus was dominant, and at the phylum level Actinobacteria accounted 252 for 76.6%, 65.8%, 64.4%, and 34.9% at days 0, 1, 6, and 19, respectively (Table S3 ). In addition, 253 the population of the phylum Firmicutes increased to 13.8% and 18.9% at days 0 and 1, 254 respectively, and then decreased to 5.0% and 8.7% at days 6 and 19, respectively. At the genus 255 level, Bacillus was the most abundant in the phylum Firmicutes at days 0 and 1. Although the 256 genus Geobacter decreased from 1.5% at day -30 to 0.0% at day 0, the population of Geobacter 257 increased to 5.8% and 22.6% at days 6 and 19, respectively. 258
PCoA of the bacterial community structures 259
PCoA revealed that the microbial community in the E1 well was significantly changed after 260 RHA1 injection (Fig. S2) . Indeed, this analysis revealed that the microbial communities were 261 different between days -30 and 19. Additionally, α-diversity was 246 at day -30 , 6 at day 0, 11 262 at day 1, 14 at day 6, and 61 at day 19 (Table S4 ) and decreased after RHA1 injection, although 263 the level subsequently increased over time. 264
Functional profile of the bacterial community 265
To determine the genetic potential of the microbial communities of TCE/cDCE-contaminated 266 groundwater and their adaptive features with regard to the biodegradation of xenobioticpredicted functions to the metagenome shotgun sequences. After injection of the RHA1 culture 269 in the remediation site at the E1 well, the portion of functional genes involved in the metabolism 270 of aromatic compounds increased from 1.8% at day -30 to 7.0% at day 0 ( Table 2 ). The portion 271 of functional genes involved in dormancy and sporulation also increased from 0.1% at day -30 272 to 0.6% at day 0. These results indicated that the functional profile of the bacterial community 273 was affected by RHA1 culture injection. 274
Gene expression of aromatic compound-degrading enzymes 275
To test whether the strain RHA1, inoculated as a bio-degrader, was physiologically active in the E1 276 well, we extracted the total RNA from contaminated soils, and the expression levels of genes on the 277 RHA1 plasmids pRHL1, pRHL2, and pRHL3 were estimated by transcriptome sequencing 278 (RNA-seq; Fig. 4) . We focused on these three plasmids since the complete set of genes responsible 279 for aromatic compound degradation was located on the plasmids in RHA1. To screen genes that 280 showed changes in expression levels after inoculation of RHA1, we initially conducted pairwise 281 comparisons in data for days 0 and 1. Twenty-seven genes showed relatively low q.values (false 282 discovery data) of less than 0.1. Normalized read counts for these 27 genes were obtained from four 283 time points, and their expression values were shown as Z scores in the heatmap (Fig. 4) . These data 284 suggested that all 27 genes showed decreased expression over time. Among the selected 27 genes, 285 bphAa (RS35885), bphAb (RS35880), bphAc (RS35875), and bphAd (RS35870) were estimated to 286 be involved in the degradation of TCE/cDCE. The gradually decreased expression of these genes 287 was consistent with the decrease in TCE/cDCE in the environment. The inoculated strain was 288 expected to be physiologically active in producing degradation enzymes, but showed a decreased 289 degradation activity relatively rapidly. 290
In this study, we performed multi-omics analysis to assess the ecological impact at the 293 bioaugmentation site. At the initial stage of TCE/cDCE degradation, RHA1 was the dominant 294 bacterium in the E1 well after RHA1 injection. Moreover, gene expression of 295 biphenyl-degrading enzymes in RHA1 was detected immediately after RHA1 injection. As a 296 result of metagenome analysis, the proportion of Rhodococcus, including RHA1 in the 297 groundwater, at day 0 increased by 76.5% when compared with that at days -30 and 0, making 298 RHA1 the dominant species. In addition, the proportion of Bacillus also increased by 8.5% Degradation of TCE/cDCE by strain RHA1 was not observed after day 6 since this 313 bacterium completely consumed the oxygen required for growth and degradation of pollutants. 314
In addition, we verified gene expression in RHA1 using metatranscriptomic analysis and 315 and epoxidase are involved in the production of TCE/cDCE epoxide (Ensign, 1996) . 321
Furthermore, in R. erythropolis BD 2 and Rhodococcus sp. L 4, isopropyl benzene/toluene 322 dioxygenase has been reported to be involved in the degradation of TCE (Suttinun et al., 2013) . 323
In the case of strain RHA1, genes involved in producing TCE/cDCE epoxide have not been 324 reported; however, propane/alkane monooxygenase or biphenyl dioxygenase of strain RHA1 325 was expressed in the presence of triclosan as a substrate (Lee and Chu, 2013). Thus, aromatic 326 compound and alkane oxygenases may be responsible for the initial reaction in the aerobic 327 degradation of TCE/cDCE. Although 203 oxygenases were annotated in the genome of strain 328 RHA1, seven oxygenase-related genes, including biphenyl 2,3-dioxygenase subunit genes, 329 bphAa (RS35885), bphAb (RS35880), bphAc (RS35875), bphAd (RS35870), and etbAc 330 (non-heme iron oxygenase ferredoxin subunit; RS41430), and 2,3-dihydroxybiphenyl 331 1,2-dioxygenase genes, bphC1 (RS35865) and etbC (RS41380), were found to be highly 332 expressed at day 0 in this study (McLeod et al., 2006) . Therefore, these results suggested that 333 some of these highly expressed genes are involved in the degradation of TCE/cDCE. 334
On day 6 after the beginning of TCE/cDCE bioremediation, TCE/cDCE may be 335 converted to VC by anaerobic bacteria, i.e., Geobacter and Dehalococcoides, which were 336 increased in the injection site. Strain RHA1 was related to the consumption of DO, caused 337 decreased ORP levels, and created the observed anaerobic conditions. Moreover, increased 338 DOC, o-phosphoric acid, ammonia nitrogen, and EC were observed after day 6, and these 339 changes were expected to be the cause of dissolution of the cellular components from strainRHA1 in the groundwater. Therefore, the chemical conditions at the injection well have been 341 changed to enhance the growth of, and dechlorination by, Geobacter and Dehalococcoides. The 342 concentration of VC significantly increased in the injection well from days 6-54 in this study, 343
and VC was accumulated in the well around 27 times before treatment. Moreover, a rebound in 344 TCE/cDCE at day 6 was observed, resulting in the creation of the conditions for easier 345 accumulation of VC. On the basis of the microbial community analysis, anaerobic bacteria, i.e., 346
Geobacter and Dehalococcoides, were detected at the injection site at days 6 and 19 after 347 treatment. From these results, it was speculated that Geobacter was related to the conversion of 348 TCE to cDCE and that Dehalococcoides relied on the degradation of cDCE to VC as a 349 metabolite of TCE at the injection site. In contrast, the E4 well did not become anaerobic 350 because there was no oxygen consumption by RHA1. Therefore, cDCE degradation was not 351 observed at the E4 well. A previous study reported that accumulation of VC was observed 352 during the bioaugmentation of TCE using Dehalococcoides spp., Dehalobacter sp., and G. In this study, the microbial communities at the injection site were disrupted by the 358 injection of RHA1 cultures. A previous study also reported that the microbial composition in the 359 TCE bioremediation site was significantly different before and after treatment using 360
Dehalococcoides strains FL 2, BAV 1, and GT with acetic acid as an electron accepter (Adetutu 361 et al., 2015). Furthermore, succession of the microbial composition at the remediation site 362
showed that ε-Proteobacteria and γ-Proteobacteria, which were not injected, were dominant 363 species in the bioremediation site during bioremediation. In this study, PCoA revealed thatsuccession of the microbial community was also observed at the injection site during 365 bioremediation after treatment. These results suggested that injection of the culture of the 366 degrading strain led to disruption of the microbial community and that the succession of the 367 microbial community composition occurred after injection of the culture. 368
In summary, in this study, we 
